Niemann Pick disease type A (NPA), which is caused by loss of function mutations in the acid sphingomyelinase (ASM) gene, is a lysosomal storage disorder leading to neurodegeneration. Yet, lysosomal dysfunction and its consequences in the disease are poorly characterized. Here we show that undegraded molecules build up in neurons of acid sphingomyelinase knockout mice and in fibroblasts from NPA patients in which autophagolysosomes accumulate. The latter is not due to alterations in autophagy initiation or autophagosome-lysosome fusion but because of inefficient autophago-lysosomal clearance. This, in turn, can be explained by lysosomal membrane permeabilization leading to cytosolic release of Cathepsin B. High sphingomyelin (SM) levels account for these effects as they can be induced in control cells on addition of the lipid and reverted on SM-lowering strategies in ASM-deficient cells. These results unveil a relevant role for SM in autophagy modulation and characterize autophagy anomalies in NPA, opening new perspectives for therapeutic interventions.
Lysosomal storage disorders (LSDs) are characterized by progressive accumulation of undigested macromolecules within the cell. 1 The impaired degradation of substrates in LSDs is assigned to lysosomal dysfunction. However, recent evidence indicates that deficient degradation in LSDs also derives from alterations in endosomal and autophagosomal pathways, which flow into the lysosomal system. 2 Autophagy is the process involved in the degradation of cytoplasmic organelles and cytosolic components. The best characterized kind of autophagy, macroautophagy, starts with the formation of an isolation membrane enveloping cytoplasmic cargoes to generate an autophagosome. The autophagosome then fuses with the lysosome to form an autophagolysosome. Cargo degradation takes place in this organelle by specific enzymes. 3, 4 Deficiencies in different steps of the autophagic pathway have been recently described in several LSDs. 2 These evidences led to the hypothesis that removal of autophagic buildup could be a suitable approach to treat these diseases. However, these findings also underscored the need to independently define the nature of the autophagy impairment for each LSD. Because lipid storage characterizes many of these disorders, this research effort could also serve to define the poorly understood role of lipids in autophagy.
Sphingolipidoses are LSDs for which autophagy analysis is scarce. 2 Niemann Pick disease type A (NPA) is a sphingolipidosis caused by loss of function mutations in the gene SMPD1 encoding for the acid sphingomyelinase (ASM). 5 This enzyme catalyzes sphingomyelin (SM) conversion into ceramide in lysosomes. 6 As a result of ASM deficiency, cells from NPA patients accumulate SM in their lysosomes. 7 The disease has a severe neurological involvement that leads to early death. 8 In mice lacking ASM (acid sphingomyelinase knockout mice, ASMko), which are a model for NPA, 9 gradual accumulation of SM occurs in brain lysosomes and at the plasma and synaptic membranes of neurons. 10, 11 Here we have analyzed the autophagy-lysosomal systems in the brain of ASMko mouse and in fibroblasts from NPA patients. Our work demonstrates the existence of autophagy alterations in this disease, defines SM excess as a key determinant in these alterations and proposes strategies to revert them.
Results
Autophagy alterations in ASMko mice brains. Neurological signs such as progressive spasticity and motor skill difficulties are among the most characteristic signs of NPA. Consistently, neuronal death in NPA patients and in ASMko mice is particularly evident in the cerebellum. 12 This prompted us to investigate the autophagy/lysosomal system in the cerebellum of mice lacking ASM. Electron microscopy analysis revealed abundant multilamellar bodies and membrane-bound/autophagosome-like structures in the cytoplasm of ASMko Purkinje cells (Figure 1a ). This phenotype was already evident at 3 months of age, in agreement with the early storage pathology described in different brain areas of ASMko mice. 12 Immunostaining with the lysosome-associated membrane protein 1 (Lamp1) confirmed the lysosomal nature of enlarged structures (Figure 1b) . Western blotting experiments indicated significantly higher levels of the lysosomal marker Lamp2 (Figure 1c ) and of the autophagosomal marker LC3-II but not of LC3-I (Figure 1d ) in the cerebellum of 3-month-old ASMko mice compared with wt mice (2-fold and 2.4-fold, respectively). The upregulation of these proteins was even greater when 6-month-old mice were analyzed (20-fold and 3.3-fold, respectively).
To determine whether the increased levels of autophagosome proteins such as LC3-II were due to enhancement of the initial steps of autophagy, we measured the levels of the early autophagy markers Atg5-Atg12 complex and Beclin1. Different from LC3-II, the amount of these proteins was similar or slightly decreased in ASMko compared with wt cerebellar extracts (Figures 1e and f) .
Altogether, increased autophago-lysosomal volume and upregulation of Lamp2 and LC3-II in the absence of enhanced autophagy initiation suggested that the lysosomal disorder of NPA disease is the consequence of defects in the late steps of degradation.
Impaired protein degradation and increased cell death in ASMko mice brains. To confirm that the ultrastructural, cell biological and biochemical parameters of lysosomeautophagosome anomalies reflected functional alteration, we investigated the degradative capacity in cerebellar neurons from ASMko mice. As autophagy impairment leads to the accumulation of ubiquitinated proteins, 13, 14 ubiquitinpositive protein aggregates were analyzed. In agreement with autophago-lysosomal dysfunction, ubiquitin aggregates were abundant in the ASMko neurons compared with wt neurons (Figure 2a) . Consistent with the time of LC3-II upregulation, the aggregates were evident in the 3-month-old mice. At 6 months of age, when most Purkinje cells have degenerated, ubiquitin aggregates were also evident in other cell types of the granular layer of ASMko mice cerebellum (Figure 2a ). Western blot analysis of ASMko cerebellar extracts confirmed the higher content of ubiquitinated proteins (1.91-fold) ( Figure 2b ) and of p62 (1.67-fold), which seeds aggregates of ubiquitinated proteins in autophagosomes 15 ( Figure 2c ). Also increased were the levels of another autophagy adapter protein, NBR1, which is a LC3 and ubiquitin-binding scaffold protein that can function independently of p62 and accumulates when autophagy is impaired 16 (Supplementary Figure 1) . Autophagy interference and accumulation of undegraded material lead to neuronal death. 17, 18 We thus sought to determine whether impaired autophagy has a pathological role in the absence of ASM. To this aim we investigated whether neuronal death parallels accumulation of LC3 by immunostaining of the cerebellum with antibodies against LC3 and caspase-cleaved actin (Fractin), which is a feature for apoptosis. 19 Positive cells for Fractin were 6.2-fold more abundant in the ASMko compared with wt cerebellum and matched those accumulating LC3 (Figure 2d ). Because impairment of other autophagic pathways such as the chaperone-mediated autophagy could also contribute to cell death, we determined whether this process was altered. Arguing against this possibility, we found no differences in the levels of any of the chaperone-mediated autophagy markers (Hsp90, Hsc70 and Hsp40) analyzed in ASMko compared with wt cerebellum (Supplementary Figure 2) .
In all, these data confirm macroautophagy, but not chaperone-mediated autophagy, impairment in the ASMko mice brains. The accumulation of nondegraded autophagic substrates correlating with increased apoptosis in ASMko cells suggests a relevant pathogenic role for deficient autophagy in NPA.
SM addition induces autophagy alterations in wt neurons. It has been proposed that altered lipid content (i.e., high cholesterol or ganglioside levels) may contribute to autophagy impairment. [20] [21] [22] [23] [24] On the other hand, the lipid that most significantly accumulates in neurons from ASMko mice is SM.
10 Hence, we directly tested whether SM accumulation was responsible for the autophagosome-lysosome alterations observed in the ASMko mice brain. To this aim, SM was added to cultured primary neurons from wt mice. Lysenin staining 25 indicated 0.85-fold increase of SM levels in the treated neurons, similar to that detected in ASMko neurons, 10 without affecting cell viability ( Figure 3a , see also Galvan et al. 10 ). SM rise resulted in 0.52-fold higher LC3-II levels ( Figure 3b ) and led to 0.6-fold increase in ubiquitinated proteins (Figure 3c ) in wt neurons. These data supported the direct link between autophagosome-lysosome alterations and SM increase in ASM-deficient neurons. Loss of function experiments in ASM-deficient human-derived cells confirmed this conclusion (see below).
Fibroblasts from NPA patients show similar autophagy alterations compared with the ASMko mice brain. Two questions arose from the above results: where along the autophagosome-lysosome pathway is the defect in ASM-deficient cells? How does dysfunction occur? To address these questions, we switched to a cellular system more amenable to experimentation: fibroblasts from NPA patients. These cells could also add relevance to our results in the human scenario. We first sought to confirm that the alterations observed in the ASMko mice cerebellum affected NPA fibroblasts. Electron microscopy indicated bigger areas of multilamellar bodies and membrane-bound structures with cytoplasmic contents consistent with autophagolysosomes in fibroblasts from NPA patients compared with control individuals (Figure 4a) . Moreover, the two NPA fibroblast lines analyzed showed increased LC3-II amount (44-fold in average) compared with the two control lines (Figure 4b ) but unaltered Atg5-Atg12 complex and Beclin1 (Figures 4c  and d ) levels. To corroborate that morphological and biochemical alterations were accompanied by dysfunction, we monitored p62 levels and the rate of degradation of the EGF receptor (EGFR), which, on binding of its ligand EGF, is ubiquitinated and sorted for lysosomal degradation. 26 Consistent with deficient autophagy, p62 levels were increased in the NPA fibroblasts (Figure 4e ). In agreement with defective lysosomal degradation, the amount of EGFR at 30, 60 and 120 min after EGF stimulation decreased by 15%, 45% and 30%, respectively, in control fibroblasts, whereas in NPA fibroblasts EGFR levels increased 185 and 115% at 30 and 60 min and diminished (by a 27%) only at the latest time monitored after stimulation (120 min) (Figure 4f ).
These results confirmed the structural and functional similarities of the autophago-lysosomal defects in ASMko neurons and NPA fibroblasts, and validated the latter as an experimental system to analyze the underlying mechanisms. Impaired autophagy in Niemann Pick disease type A E Gabandé-Rodrı´guez et al the formation of autophagosomes, 27 we sought to determine whether reduction of SM levels at this cellular compartment could also lessen autophago-lysosomal buildup. We treated NPA fibroblasts with dexamethasone, which specifically reduces SM levels at the plasma membrane by activating the neutral sphingomyelinase. 28 Treatment with 0.1 mM dexamethasone for 5 days reduced LC3-II by 0.5-fold (Figure 5b ).
Several observations supported the possibility that, in addition to SM, high cholesterol could contribute to the autophago-lysosomal phenotype in NPA cells. Thus, SM has a strong affinity for cholesterol, reflected in its tight association in signaling platforms in the plasma membrane and intracellular organelles. Moreover, ASMko mice brains show cholesterol deposits 29, 30 and the accumulation of this lipid impairs lysosomal function in different LSDs. 21, 22, 24 To test cholesterol involvement, NPA fibroblasts were incubated with methyl-b-cyclodextrin, which sequesters this lipid without affecting SM. 31 Treatment for 24 h with 0.3 mM methyl-b-cyclodextrin had no effect on LC3-II levels ( Figure 5c ) despite its efficiency in reducing cholesterol levels by 16% (Figure 5d ), similar to the 15% SM reduction promoted by FB1. Altogether, these results confirmed the role of high levels of SM, but not of cholesterol, in autophagosome buildup in NPA fibroblasts. In addition, they indicated that the SM accumulation at the plasma membrane contributes as much as its accumulation in lysosomes toward the aberrant phenotype.
Autophagic flux blockage in ASM-deficient cells is not due to impaired autophagosome-lysosome fusion. High levels of autophagosome and lysosomal markers but impaired degradation in ASM-deficient cells suggested a block in the flow of the autophagy pathway. To further test this, we determined autophagic flux by neutralizing the pH of lysosomes with Bafilomycin A1 (BafA1) and by inhibiting lysosomal proteases ( Figure 6 ). As expected for cells with normal autophagic flux control, fibroblasts displayed a drastic (b and c) LC3 and ubiquitinated protein levels in extracts from control and SM-treated hippocampal neurons. Graphs show mean±S.D. normalized to GAPDH (n ¼ 3,
Impaired autophagy in Niemann Pick disease type A E Gabandé-Rodrı´guez et al increase in the levels of LC3-II in the presence of BafA1 or protease inhibitors (21-and 3.5-fold, respectively). The response of NPA fibroblasts was much less pronounced (3.6-and 1.7-fold LC3-II increase, respectively), indicating that the autophagic flux was already blocked on ASM deficiency.
Reduced autophagic flux can be the consequence of reduced autophagosome-lysosome fusion or inefficient lysosomal degradation. 3 We therefore examined lysosomeautophagosome fusion using a tandem fluorescent-tagged autophagosomal marker in which LC3-II was engineered with both red-fluorescent protein (mRFP) and green-fluorescent 
protein (EGFP)
. 32 This tool allows the labeling of autophagosomes in green (EGFP) and red (mRFP), whereas autophagolysosomes appear red only as acidification after autophagosome-lysosome fusion quenches EGFP fluorescence. A 2.19-fold increase in the number of red-only structures corresponding to autophagolysosomes was evident in mRFP-EGFP-LC3-II-expressing NPA fibroblasts compared with controls ( Figure 6c ). These results indicated that fusion of autophagosomes and lysosomes is not impaired in NPA fibroblasts pointing to defects in lysosomal function.
SM-induced Cathepsin B cytosolic release due to lysosomal membrane permeabilization in ASM-deficient fibroblasts and Purkinje neurons. Alterations in the levels and/or activity of lysosomal proteases could account for poor degradative ability. The loss of green fluorescence by the LC3-mRFP-EGFP tandem used in the fusion studies (Figure 6c ) ruled out that the optimal pH for these proteases was abnormal in ASM-deficient lysosomes. Among the lysosomal proteases, Cathepsin B has a broad specificity for peptide bonds and has a major role in intracellular protein degradation. 33 These features together with the proposed role of stored lipids in the direct inhibition of this protease 22 and its enhanced expression in hepatic cells from ASMko mice 34 moved us to analyze it in detail. We did not find significant differences in Cathepsin B levels in control and NPA fibroblasts (Figure 7a ). However, treatment of NPA and control fibroblasts with the Cathepsin B substrate Magic Red showed enhanced cleavage rate along time in the ASMdeficient cells, indicative of increased Cathepsin B activity (Figure 7b ). This apparent paradox could be explained if NPA cells would have an abnormal activity of this enzyme in the cytoplasm due to leakage from the lysosomes. In fact, Cathepsin B is known to remain active at the cytosolic neutral pH. 35 This possibility would be favored by lysosomal membrane permeabilization (LMP), to which NPA fibroblasts are prone under stress conditions. 36 In agreement, mild digitonin extraction allowing isolation of the cytosol from cells with intact organelles 37 indicated a 1.56-fold increase in the cytosolic and a concomitant 0.43-fold reduction in the cellular-organelle levels of the protease in the NPA fibroblasts compared with controls ( Figure 7c ). To confirm that LMP results in accumulation of autophagolysosomes, we treated HeLa cells expressing EGFP-mRFP-LC3 with H 2 O 2 , which is a well-known inducer of lysosomal permeabilization. 35, 38 The 3.4-fold increase in the number of red-only structures in the treated cells (Figure 7d ) resembled the phenotype in NPA fibroblasts (Figure 6c ) and supported the role of LMP in the autophagy alterations. To investigate whether other lysosomal enzymes were affected by LMP on ASM deficiency, we monitored the cytosolic release of Cathepsin D in control and NPA fibroblasts. We did not find significant differences in the amount of Cathepsin D in the cytosol of digitonin-extracted NPA fibroblasts compared with those in wt mice fibroblasts (Supplementary Figure 4) .
Having observed LMP and Cathepsin B ectopic release in fibroblasts, we turned over to the brain. We found 4.1-fold and 3-fold higher levels of Cathepsin B and its precursor (proCathepsinB), respectively, in cerebellar extracts of ASMko mice compared with the levels in wt mice (Figure 8a) . Immunostaining experiments showed that although levels of Cathepsin B were not significantly altered in the Purkinje cells remaining in the granular layer of the ASMko cerebellum compared with those in wt cerebellum, there was a clear increase in the protease expression in the ASMko glial cells of the molecular layer (Figure 8b ). This could account for the enhanced levels observed in the total cerebellar extracts. The immunostaining experiments also indicated that in Purkinje cells of the cerebellum of wt mice, Cathepsin B distributed to discrete spots that were positive for the lysosomal marker Lamp1. The distribution of the protease was quite different and diffuse in Purkinje cells of ASMko mice cerebellum consistent with an increased cytosolic localization (2.1-fold) and a concomitant reduction (0.15-fold) of its amount in lysosomes (Figure 8c) . Finally, to test whether SM accumulation was responsible for Cathepsin B cytosolic release, we treated primary neurons from wt mice with the lipid (as in Figure 3 ). Cathepsin B cytosolic levels were 1.5-fold increased in the SM-treated neurons (Figure 8d ), supporting a direct role for high SM levels in LMP induction. In all, these results pointed to SM-induced LMP and Cathepsin B release as being responsible for autophago-lysosomal accumulation and poor degradative capacity of ASM-deficient fibroblasts and neurons.
Discussion
Although the genetic causes for many LSDs are known and alterations in the autophagic flux have been described in these diseases, 1,2 defining the molecular mechanisms underlying such alterations and to which extent they contribute to the pathology remain important objectives. Moreover, despite the fact that many LSDs are associated with neurodegeneration, 1 most of the studies in autophagy have been done in nonneuronal cells. This work shows that cytosolic leakage of degradative enzymes, such as Cathepsin B, owing to LMP is a major defect in ASM-deficient cells, both neurons and fibroblasts. This faulty event would explain the accumulation of undegraded material in these cells, and by virtue of this, the occurrence of cell death in NPA. Our findings on Cathepsin B ectopic release support the possibility that, besides protein aggregation due to impaired autophagy, indiscriminate degradation of cellular components by release of hydrolytic Impaired autophagy in Niemann Pick disease type A E Gabandé-Rodrı´guez et al enzymes to the cytosol could have a relevant role in NPA pathology. This is in agreement with the efficacy of Cathepsin B inhibition to reduce chronically induced liver fibrosis in ASMko mice. 34 The characterization of autophagy impairment not only provides a better understanding of the disease but also identifies valuable end points (i.e., LC3-II or p62 levels, Cathepsin B mislocalization) for the evaluation of therapeutic intervention.
Studies in different LSD models are helping to address the poorly understood role of lipids in autophagy. Analysis in mouse models of multiple sulphatase deficiency and mucopolysaccharidosis indicated that changes in cholesterol levels determine the ability of lysosomes to fuse with endocytic and autophagic vesicles 39 through the regulation of the SNARE fusion machinery. 21 Studies in Niemann Pick type C patient cells and in mouse models showed that cholesterol also influences autophagy initiation by enhancing Beclin1 levels 40 or SNARE-mediated autophagosome maturation. 24 Increased ganglioside levels promote autophagy initiation and do not affect autophagosome-lysosome fusion but impair efficient clearance in different sphingolipidosis. 23 We here identify SM as a relevant lipid in autophagy regulation. We show that changes in these lipid levels do not alter autophagy initiation or lysosomal fusion with endocytic and autophagic vesicles 
(c) Cathepsin B levels in cytosolic and cellular lysates of digitonin-extracted control and NPA fibroblast lines. GADPH and Flotillin, as cytosolic and membrane markers, respectively, were used to monitor the success in the isolation of the cytosol. Graphs show mean ± S.D. normalized to GADPH or Flotillin (n ¼ 3, but impair autophago-lysosomal degradation, which can be explained by the ectopic release of Cathepsin B due to LMP. Although we cannot rule out that other lysosomal enzymes are also affected, the results show no significant cytosolic release of another major lysosomal protease, Cathepsin D, underscoring the high sensitivity of Cathepsin B to SM-induced LMP. These results shed light onto the poorly understood molecular regulators of LMP. 35, 38 They also highlight that, consistent with a heterogeneous role of lipids in the different steps of the autophagy process, the molecular defects differ significantly among LSDs. Thus, although regulation of autophagy may represent a common therapy for these diseases, each therapeutical strategy must have particular molecular targets. Our findings showing LMP in NPA fibroblasts and neurons are in agreement with the beneficial effects shown for Hsp70 lysosomal delivery, which stabilized lysosomal membranes through ASM activation in NPA fibroblasts. 36 Our results indicate that direct modulation of SM levels could be an alternative/additional therapeutical strategy, which could be most relevant in patients in whom loss of function mutations preclude ASM activation. We find that the pharmacological activation of the neutral sphingomyelinase at the plasma membrane with dexamethasone prevents LC3-II accumulation as much as the general inhibition of sphingolipid synthesis with FB1. The observation that lipid modulation at the plasma membrane has an impact on autophago-lysosomal accumulation argues in favor of two long debated issues in the autophagy field. They support the convergence of autophagy and endocytic pathways 41, 42 and the contribution of the plasma membrane to the formation of the autophagosome membrane. 27, 43, 44 We believe these findings open interesting perspectives for NPA treatments aimed at avoiding SM accumulation at the plasma membrane, which could be a more accessible target than lysosomes. We envision that plasma membrane lipid-modulatory strategies could alleviate symptoms in other LSDs, in which storage is not restricted to lysosomes.
Materials and Methods
Mice. A breeding colony was established from ASM heterozygous C57BL/6 mice, 9 kindly donated by Professor EH Schuchman (Mount Sinai School of Medicine, New York, NY, USA). ASMko and wt littermates were analyzed at 3 and 6 months of age. Procedures followed European Union guidelines and were approved by the CBMSO Animal Welfare Committee. Immunohistochemistry and immunohistofluorescence. In each experiment, all mice were processed in parallel and samples have been treated identically. Briefly, mice were euthanized by CO 2 , and their left hemispheres were processed for histology, fixed with 4% PFA in PBS overnight at 4 1C and then cryoprotected in 30% sucrose in PBS for 48 h. Next, samples were frozen in Optimal Cutting Temperature (Tissue-Tek). Sagittal sections (30 mm) were obtained with a CM 1950 Ag Protect freezing microtome (Leica, Solms, Germany).
For immunohistochemistry, endogenous peroxidase activity was inactivated with 1% H 2 O 2 in PBS for 45 min at room temperature and the sections were incubated in blocking solution (1% bovine serum albumin, 0.5% FBS and 0.2% Triton X-100 in PBS) for 1 h. Then, sections were incubated with primary antibody overnight at 4 1C. Finally, sections were incubated with the secondary components of the Elite Vectastain kit (Vector Laboratories, Burlingame, CA, USA). Chromogen reactions were performed with diaminobenzidine (Sigma-Aldrich) and 0.003% H 2 O 2 for 10 min. Images were taken with an Axiovert200 microscope (Carl Zeiss AG, Oberkochen, Germany).
For immunohistofluorescence, sections were incubated with the primary antibody overnight at 4 1C in a PB 0.1 N solution containing 1% bovine serum albumin and 1% Triton X-100. After washing with blocking solution, sections were incubated with donkey Alexa-conjugated secondary antibodies overnight at 4 1C (Molecular Probes, Eugene, OR, USA and Millipore, Billerica, MA, USA). Finally, after washing with PB 0.1 N solution, sections were incubated with DAPI (1/5000; Calbiochem) for 10 min, washed and mounted with Prolong Gold Antifade (Invitrogen). Images were taken with a confocal LSM710 META microscope (Carl Zeiss AG).
Electron microscopy. For electron microscopy on cell cultures, cells were fixed with 4% PFA with 2% glutaraldehyde diluted in phosphate buffer 0.1 M. Cells were postfixed with 1% osmiun tetroxide and 1% potassium ferrocyanide for 60 min. After washing, incubation with 0.15% tannic acid in buffer phosphate 0.1 M for 1 min was achieved. After washing, cells were counterstained with uranyl acetate 2% for 1 h. Then, cells were dehydrated with lowering concentrations of ethanol and embedded in resin EPON.
Mice were intracardially perfused with PBS and fixative (4% paraformaldehyde and 2% glutaraldehyde in PBS). Brains were postfixed in 4% PFA overnight and sectioned in 200-mm-thick slices. Cerebellar sections were embedded in Epon, stained with uranyl acetate and lead citrate, and examined with a transmission electron microscope (JEM1010, Jeol, Akishima, Tokyo, Japan). Purkinje cells identified by electron-dense cytoplasm and position were sampled randomly and photographed at a magnification of Â 8.000 with a CMOS 4 k TemCam-F416 camera (TVIPS, Gauting, Germany). The number of autophagic vacuoles was quantified using ImageJ software (National Institute of Health, Bethesda, MD, USA) in 25 fibroblasts from the different cell lines and in 15 randomly selected Purkinje cells from two mice per genotype. The area of each cell was also calculated and the values of autophagic vacuoles/mm 2 were statistically compared.
Cell cultures. Primary skin fibroblasts from unaffected individuals (AG06234 and AG07471) and NPA patients carrying mutations at the SMPD1 gene (GM13205 with deletion of a cytosine in codon 330 and GM16195 with T-C transition in the nucleotide 905) were purchased from the Coriell Institute for Medical Research (Camden, NJ, USA) and cultured in DMEM medium. Primary cultures of neurons were prepared from the hippocampus of E17 C57BL/6 mice embryos as described in 45 and kept in culture for 12 days.
Cell treatments. The following compounds (all obtained from Sigma-Aldrich) were added to the cell media for the different treatments: SM at 40 mM for 24 h; SM labeling. Lysenin staining was carried out as in Galvan et al. 10 and analyzed in an Axiovert200 microscope (Carl Zeiss AG) for neurons or in a confocal LSM510 META microscope (Carl Zeiss AG) for fibroblasts. Quantification in neurons was done by determining pixel intensity with ImageJ software in areas chosen randomly along neurites. In fibroblasts costained with lysenin and CD63, lysenin staining was quantified in CD63-positive dots chosen randomly along the cell. Magic Red quantification. Magic Red staining in fibroblasts plated in Borosilicate chambers (Nunc, Lab-Tek, Thermo Scientific, Rochester, NY, USA) was performed. 22 Cytosolic extracts. For cytosol extraction, fibroblasts or neurons were incubated in HEPES buffer pH 7.5 containing 15 mg/ml of Digitonin (Sigma-Aldrich). 37 Statistical analysis. The normality of the data was tested by means of the Shapiro-Wilk test. Mann-Whitney U-test was used for nonparametric data and two-sample Student's t-test for parametric data. P-valueso0.05 were considered significant. In the figures, asterisks indicate P-values: *o0.05; **o0.005; ***o0.001. The SPSS 20.0 software was used for statistical analysis.
